Background: Survival of HIV-infected children continues to increase and the use of antiretrovirals (ARVs) is expanding; however there are few data regarding the incidence of renal dysfunction and associated risk factors among HIV-infected children and youth. Methods: A total of 2102 children enrolled in Pediatric AIDS Clinical Trials Group Study 219/219C, were followed and assessed prospectively for Ͼ30 months. Occurrence of clinical events and laboratory abnormalities were recorded using standardized criteria and forms. Therapeutic decisions were made by clinicians at each site. Occurrence of persistent renal laboratory abnormalities was the main outcome measure. Results: Four hundred forty-six (22%) enrollees exhibited at least one persistent renal laboratory abnormality. Elevated serum creatinine (Cr) was more common than persistent proteinuria (15% vs. 8%). The incidence of new renal laboratory abnormalities was 3.7 events per 100 person-years with rates increasing between 1993 and 2005. Older age (Ն6 years vs. Ͻ6 years), Hispanic ethnicity, and Black non-Hispanic race were associated with increased risk of renal dysfunction, but CDC clinical class and plasma HIV RNA levels were not. Subjects exposed to ARV regimens containing tenofovir and/or indinavir had approximately twice the risk of developing renal dysfunction compared with persons exposed to other ARVs. The risk of renal dysfunction was also elevated for other antivirals (hazard ratio ϭ 5.4) and amphotericin B (hazard ratio ϭ 28). Conclusions: Persistent renal function abnormalities occur frequently in HIV-infected children. Improved survival, Black race and Hispanic ethnicity, and exposure to tenofovir, indinavir, and other antimicrobial agents increase the risk for renal dysfunction. All HIV-infected children should be monitored closely for evidence of renal disease.
A dramatic decline has been reported in both mortality and incidence of opportunistic and other related infections among HIV infected children in the United States 1 ; however, noninfectious complications of HIV infection, including renal disease, still occur. 2 A number of renal disorders associated with childhood HIV infection have been reported, but because most of these reports are based on retrospective, cross-sectional and geographically localized analyses, the incidence of renal dysfunction in HIV-infected children and youth has not previously been calculated, and demographic and clinical risk factors have not been fully assessed. [3] [4] [5] Among the several types of HIV-associated renal disorders, HIV-1-associated nephropathy (HIVAN) has been well-studied. 6 -8 HIVAN, triggered by invasion of the kidney by HIV-1, usually begins with subclinical proteinuria and is often accompanied by an elevated serum Cr and renal tubular acidosis. Large, echogenic kidneys, nephrotic-range proteinuria, and renal insufficiency may occur later. Both the glomerulus and the tubular epithelium develop injury. It is not clear how often manifestations of this and related diseases (eg, immune-mediated glomerulonephritis, focal glomerulosclerosis) occur in HIV-infected children and the extent to which persistent renal function abnormalities signal their onset.
Recent reports describe potential or actual nephrotoxicities associated with the use of antiretrovirals (ARVs). Indinavir (IDV) is known to cause nephrolithiasis 9 and tenofovir (TDF) is associated with other forms of renal injury and bone mineral toxicity. 10 -13 Further, there is concern regarding possible nephrotoxic effects of protease inhibitors, such as ritonavir, and atazanavir, particularly when used in conjunction with tenofovir. 14 -16 There are still limited data regarding the incidence of renal dysfunction associated with the use of ARVs in children in the course of routine clinical care, particularly when administered with other classes of drugs that are potentially nephrotoxic, eg, antimicrobials (aminoglycosides, amphotericin), antivirals (acyclovir, adefovir, cidofovir), and nonsteroidal anti-inflammatory drugs (ibuprofen, naproxen).
We report on the occurrence and predictors of renal dysfunction as defined by persistent renal laboratory abnormalities in HIV-infected children enrolled in a large prospective cohort study, Pediatric AIDS Clinical Trials Group (PACTG) study 219/219C. We focus on the effects of ARVs and other anti-infectives, HIV-1 viral load and demographic factors, including ethnicity.
MATERIALS AND METHODS

Study Design and Population
PACTG 219/219C was a multicenter prospective cohort study designed to examine the long-term consequences of HIV infection and its treatment in US infants, children, and adolescents. PACTG 219 opened in May 1993 to children who participated in other PACTG perinatal or treatment trials. A revised version, PACTG 219C, which opened in September 2000 and closed to follow-up in May 2007, enrolled PACTG 219 participants as well as perinatally or behaviorally HIV-exposed children Ͻ21 years of age. Both studies required individual consent/assent for enrollment and Institutional Review Board approval was obtained at each site.
A total of 3451 HIV-infected individuals Ͻ21 years of age were enrolled in PACTG 219/219C at sites throughout the United States and Puerto Rico from 1993 through 2004. We limited the current analysis to 2102 HIV-infected participants followed at least 30 months with at least 3 visits during which urine was analyzed and serum Cr was measured. Data obtained through May 3, 2005 were included in our analysis.
Clinical and Laboratory Data
PACTG 219C study visits were scheduled every 3 months. Urine samples were collected at least once a year and urine protein content was assessed by dipstick. Blood was subjected to routine chemical analyses, including measures of blood urea nitrogen and Cr. T-cell subsets and plasma HIV-RNA levels (in more recent years) were measured at each study visit. Occurrences of HIVrelated clinical complications and adverse events associated with ARV and other therapies were collected at each scheduled visit, using standardized criteria and structured forms. Self-reported race and ethnicity information, provided by the parent, guardian, or subject, was collected.
Medication Use
Information regarding use of ARV and other medications, including start and stop dates, was collected by study nurses, using a standardized chart abstraction form. For data collected before August 2000, ARV start and stop dates were estimated as the midpoint between study visit dates. HAART was defined as a regimen that comprised at least 3 different ARVs from at least 2 drug classes (NRTI, NNRTI, PI, and FI). ARV use was divided into 3 mutually exclusive categories: (1) nephrotoxic HAART, (2) non-nephrotoxic HAART, and (3) no HAART. Nephrotoxic HAART was defined as any HAART regimen that included TDF and/or IDV. No HAART was defined as any ARV regimen that did not fulfill the criteria for HAART (but that, on rare occasions, may have included TDF or IDV) or infrequent drug regimens that did not include any ARVs.
The effects of exposure of other nephrotoxic medications were also studied: antibiotics (gentamicin, tobramycin, amikacin, rifampicin, sulfadiazine, sulfamethoxazole), antifungals (amphotericin B, pentamidine), non-ARV antivirals (acyclovir, cidofovir, adefovir), and nonsteroidal anti-inflammatory drugs (NSAIDs) (ibuprofen, naproxen); both chronic and occasional use were included.
Outcome Measures
The outcome of persistent renal dysfunction required at least 3 sequentially abnormal renal laboratory values in at least 1 of 3 measures: urine protein content, serum Cr, or estimated glomerular filtration rate (eGFR). The event time was the earliest date of occurrence for any of the 3 types of abnormalities. Cutoff for increased urine protein was trace or greater. Cutoffs for increased serum Cr were age-adjusted (Ն1.0 mg/dL for newborns Յ30 days; Ն0.4 mg/dL for infants Ͼ30 days to Յ52 weeks; Ն0.7 for children Ͼ52 weeks-12 years; Ն1.0 mg/dL for adolescents Ն13 years-19 years; and Ն1.3 mg/dL for adults 20 years or older). 17 eGFR was computed using the Schwartz formula for those less than 18 years of age with height available 18 or the Modification of Diet in Renal Disease algorithm. 19 The cutoff for decreased eGFR was Ͻ60 mL/min/1.73 m 2 for the age and height-adjusted value.
Statistical Analysis
We calculated crude incidence rates for targeted renal abnormalities and exact 95% confidence intervals under a Poisson distribution, overall and for various subgroups, and compared incidence rates across subgroups, using Poisson regression models. Subgroups were based on gender; age group at study entry; race/ethnicity; CDC clinical class; entry CD4 ϩ T-cell %, plasma HIV RNA levels; and nephrotoxic medication exposure prior to entry. Subject-specific person-time was calculated from study entry until the event or, for those without events, censored at the last clinic visit. Participants assigned new renal diagnoses but without corresponding abnormal renal laboratory values (n ϭ 45) and those carrying renal diagnoses at study entry (n ϭ 34) were excluded from our analysis.
We first fit multivariate Cox proportional hazards regression models to estimate hazard ratios and corresponding confidence intervals for risk of new renal laboratory abnormalities adjusting for entry demographic, clinical, and pharmacological characteristics. 20 We next fit extended Cox models with time-varying covariates to assess the association between the risk of a laboratory event and changing levels of exposures to HIV-viral load, to nephrotoxic medications and ART regimen during the course of the study (carrying last values forward), controlling for baseline factors. 21 In the final set of analyses, we attempted to compare risk of renal toxicities for subjects taking nephrotoxic-HAART and other nephrotoxic medications concurrently, as compared with either alone, but too few subjects received both during any interval to allow this evaluation. Combinations of ARVs and other medications were thus evaluated hierarchically in the following order: (1) nephrotoxic-HAART regimens (with or without other medications); (2) other nephrotoxic-medications including non-HAART, TDF, or IDV; and (3) no nephrotoxic medications. We also assessed the influence of specific classes of non-ARV nephrotoxic medications, the separate impact of TDF and IDV-based HAART regimens, and the effect of TDF regardless of whether it formed part of a HAART regimen.
All analyses were restricted to participants with Ͼ1 HIV RNA measurement. Baseline viral load was defined as the greater of the most recent pre-entry HIV RNA value or the estimated area under the curve (AUC) for viral load prior to study entry using a trapezoidal rule with time-averaging. 22 Viral load during follow-up was the cumulative time-adjusted AUC. All analyses were conducted using the SAS Statistical Software version 9.1. 23 P Ͻ 0.05 was used to determine statistical significance.
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RESULTS
The 2102 HIV-infected study subjects who met the entry criteria were followed for a median of 72.5 months (range: 30 -142 months). Over half were 6 years of age or older and the great majority were ethnic minorities ( Table 1) . About 25% were CDC clinical class C, 17% had CD4 ϩ T-cell percentages Ͻ15% and 47% had HIV RNA Ͼ10,000 copies/mL. At entry, 37% of subjects had received HAART and 3% had received IDV; none had received tenofovir. By the end of the study, 21% had received either IDV or TDF as part of a HAART regimen. Young children were not given TDF; only 2 of 255 participants exposed to TDF (Ͻ1%) were Ͻ6 years old when TDF was begun. Cumulatively, 9% started TDF prior to 9 years and 27% prior to 12 years of age. In contrast, 64 received IDV prior to study entry. Cumulatively, 10% of the 255 exposed to IDV started IDV prior to 6 years, 34% prior to 9 years, and 67% prior to 12 years of age.
Of the 2102 children, 34 carried at least one primary renal diagnosis at study entry; thus 2068 were at risk for new events. Of these 2068 participants, 446 (22%) exhibited at least one persistent renal laboratory abnormality among which elevated serum Cr and proteinuria were the most common ( Table 2 ). Persistently elevated serum Cr and/or diminished eGFR were seen more often than persistent proteinuria (15% vs. 8%). Persistent proteinuria alone occurred in 7% of subjects. Only 8 participants had diminished eGFRs and all 8 also had elevated serum Cr.
After excluding subjects who carried diagnoses at study entry and those with discordant clinical diagnoses and laboratory values, there were 2023 participants available for further analysis. Of these, the incidence of new renal laboratory abnormalities (either elevated serum Cr or proteinuria) was 3.7 events per 100 person-years (95% CI: 3.4 -4.1), with rates increasing over time (2.4 in 1995-5.6 in 2005 ; P Ͻ 0.001).
Among 21 patients with evidence of more than one persistent renal laboratory abnormality, persistent proteinuria occurred more than 90 days before the other laboratory abnormalities in 14 of 21 subjects (67%) ( Table 2 ). In the remaining 7 participants (33%), persistent proteinuria occurred either within 90 days prior to the other laboratory abnormality (n ϭ 3) or afterward (n ϭ 4). The average duration of the first abnormal sequence was 38.8 months (SD: 22.2) for proteinuria, 28.5 months (SD: 21.5) for increased Cr, and 22.2 months (SD: 19.3) for decreased eGFR.
Risk Factors for the Development of Renal Laboratory Abnormalities
The results of the Cox proportional hazards model that evaluated baseline medication exposure and the extended Cox model evaluating the independent study-time-varying exposures of nephrotoxic-HAART and non-ARV nephrotoxic medications yielded similar results; thus we report only the latter (Tables, Supplemental Digital Content 1, http://links.lww.com/A1125 and Supplemental Digital Content 2, http://links.lww.com/A1126). After adjusting for baseline and time-varying factors in the Cox model, participants receiving nephrotoxic HAART had a significantly elevated risk of renal laboratory abnormalities, whether exposure occurred prior to study entry (hazard ratio ͓HR͔ ϭ 1.9; 95% CI: 1.1, 3.4) or during the course of the study (HR ϭ 1.8; 95% CI: 1.3, 2.5). Those who had never been on HAART during the course of the study experienced less risk (HR ϭ 0.7; 95% CI: 0.6, 0.9) than those who had been on non-nephrotoxic-HAART regimens. There was no association between cumulative plasma HIV-RNA levels and renal dysfunction ( 95% CI: 1.0, 2.0) were associated with greater risk for development of renal dysfunction in the course of follow-up. There was also a slightly increased risk among males (HR ϭ 1.2; 95% CI: 1.0, 1.5). CDC clinical class and exposure to other non-ARV nephrotoxic medications prior to study entry were not associated with later renal abnormalities. Children with low or moderate levels of immune suppression (CD4 ϩ T-cells: 0%-14.9%, 15%-24.9%) had slightly lower rates of renal laboratory abnormalities compared with those with CD4 ϩ T-cell percentages Ն25% (HR ϭ 0.8; 95% CI: 0.6,1.0 and HR ϭ 0.7; 95% CI: 0.6, 1.0, respectively). We also evaluated the combined effect of nephrotoxic HAART and other nephrotoxic medications controlling for changing viral load during the study as well as baseline characteristics. Subjects who received nephrotoxic HAART with or without exposure to other nephrotoxic drugs had about twice the risk of renal dysfunction when compared with those who had no exposure to a nephrotoxic medication, whether we combined TDF-based and IDVbased HAART exposure into 1 category (HR ϭ 2.0; analysis 1 of We next attempted to ascertain the risk posed to subjects who had received non-ARV nephrotoxic drugs of specific types (eg, antibiotics, other antivirals, amphotericin B, NSAIDs, etc.). Although the number exposed was small, there was a greater risk of persistent renal dysfunction among those exposed to non-ARV antivirals used alone (HR ϭ 5.4) and those exposed to amphotericin B alone (HR ϭ 28.0; analyses 5 and 7, respectively, Table, Supplemental Digital Content 2, http://links.lww.com/A1126).
DISCUSSION
As survival of perinatally infected HIV-positive children has continually increased, there has been interest in the expression of noninfectious late events, particularly those that affect the central nervous and cardiovascular systems, the skeleton and the kidneys. 2, 24 With the advent of HAART, there has been controversy as to whether one or more components of the therapy reduces or increases the frequency of renal disease. [25] [26] [27] [28] Children have substantially lower rates of the multiple comorbidities that influence the occurrence of renal dysfunction in adults, eg, illicit drug use, infectious hepatitis, atherosclerosis, hypertension, diabetes, and prolonged treatment with multiple ARV agents. Nevertheless, among the 2102 HIV-infected children who met entry criteria for this study, nearly 22% developed persistent abnormalities of renal function over a period of 30 months or more.
There are now about 2 dozen drugs in 6 different classes that are approved by the FDA to treat HIV infection. Although most have not been formally studied in children, many are used regularly as part of routine clinical practice. Children are prone to many of the same adverse effects, such as renal dysfunction, that are seen in adults. In our study, those who received HAART regimens that included TDF or IDV were nearly twice as likely as those who had received no nephrotoxic medication to develop persistent renal laboratory abnormalities. Those treated with non-ARV antivirals and amphotericin B had a still greater risk of acquiring kidney disease. In addition, the age at which certain ARVs are first prescribed may play a role in causing renal disease. We performed a sensitivity analysis which showed that younger children initiating TDF (Ͻ12 years) had almost 3 times the risk of developing renal dysfunction as those who started TDF at older ages (Ն12 years).
Although too few renal laboratory events occurred during concurrent use of nephrotoxic-HAART and other nephrotoxicmedications for analysis, we also hypothesized that exposure to different classes of nephrotoxic drugs might produce kidney damage that would accrue and, perhaps, even compound over time. To test this hypothesis we performed 2 sensitivity analyses in which the sequential or concurrent effects of drug exposures were carried forward in time (data not shown). We continued to observe nearly a doubling of risk with exposure to nephrotoxic HAART when compared with lack of exposure to any nephrotoxic drugs. In addition we found a substantial risk for concurrent or sequential use of nephrotoxic HAART and NSAIDs (HR: 4.5) and for nephrotoxic HAART and antibiotics (HR: 5.6). Finally, we found increased risk associated with exposure to NSAIDs (HR: 2.1), certain antivirals (HR: 1.5), potentially nephrotoxic antibiotics (HR: 1.9), and amphotericin B (HR: 3.6) alone.
Hispanic children were somewhat more likely than African-American children and much more likely than Whites to develop signs of renal dysfunction. This finding was initially surprising because HIV-infected Blacks have almost always been cited as having the greatest risk of developing renal disease when compared with other ethnicities. 29 -32 Although classic HIVAN is found most often in African-American adults, other forms of HIV-associated renal pathology have been reported more often in persons of European descent. 33, 34 In one survey, the prevalence of chronic kidney disease was nearly identical in American non-Hispanic Blacks and Mexican-Americans (19%-20%) and was greater in both groups than the prevalence in non-Hispanic Whites (16%). 35 Therefore, the greater occurrence of signs of renal disease in self-described Hispanic children in the United States is consistent with observations by others. Based on data from other PACTG studies for co-enrolled participants, about 20% of selfdescribed HIVϩ Hispanics are racially Black. As greater numbers of HIVϩ children live longer as a result of improved care and treatment options, clinicians should expect to see renal dysfunction develop in a significant proportion of children of all racial and ethnic groups; those with Hispanic ethnicity may be at greatest risk, for unknown reasons.
It has been shown that HIV invades the kidney and replicates in both the glomerulus and renal tubular epithelium. 36, 37 Viral messenger RNA, gene products, and structural proteins can be found in human renal tissue. 38 Therefore, we hypothesized that the cumulative load of HIV in plasma, as derived from an AUC model, would be a predictor of subsequent renal disease. 39 This could not be confirmed; there were no significant differences in risk of renal disease among those with cumulative viral load AUCs ranging from 0 -400 RNA copies per mL compared with those with more than 100,000 RNA copies per mL. These results are comparable with those reported by others and suggest several possibilities: either the titer of virus in blood does not predict the load of infectious virus in kidney tissue or factors other than viral load alone predict the occurrence of renal functional abnormality. 40 Inflammatory or immunologic responses to the virus in kidney tissue may play a role in determining the type and the extent of renal cell dysfunction. This hypothesis is supported by our having found lower rates of renal laboratory abnormalities in children with moderately decreased versus better preserved CD4 ϩ T-cell percentages. We were fortunate to be able to assess several thousand children who represent the entire spectrum of HIV-infection that can be found in a diverse US population. Our study comprised almost 12,000 person-years of follow-up. Nonetheless, the study was subject to limitations. Because ours was a substudy of a much larger longitudinal, prospective cohort study that had been accruing data since 1993, many questions about the incidence and the risk factors for renal disease could not have been anticipated when the study was designed more than 15 years ago. Also, the clinical care that was provided by the P219/219C investigators was not constrained by the limits of the study protocol; multiple caregivers at 93 study sites rendered care, prescribed drugs, and assigned clinical diagnoses according to their best judgments. Although all study subjects had routine urinalyses and measures of serum blood urea nitrogen and Cr at each visit (usually 2-4 times per year), measurements of urine protein/Cr ratios and 24-hour urine protein concentrations, and formal calculation of Cr clearances were not required for continued study participation. Also, by using trace proteinuria as the cutoff for identifying some study subjects with renal impairment, we may have overestimated its frequency. Nevertheless, about twice as many subjects had increased serum Cr as had persistent proteinuria, suggesting that most of those with elevated Cr did not have glomerular disease and that proteinuria is not the earliest or sole signal of renal dysfunction in HIVϩ pediatric subjects. For children with increasing evidence of renal disease, renal ultrasounds and kidney biopsies were not done uniformly. Future studies that more fully evaluate the natural history and pathophysiology of renal disease and that include the results of ultrasonographic studies, histologic evaluations, dialysis, and other treatments will strengthen our understanding of the renal abnormalities associated with pediatric HIV infection.
Clinicians should be mindful of the incidence of renal disease in this population and, other than the use of HAART, studies should be designed to test the utility of a number of other interventions to ameliorate renal dysfunction. We have shown that TDF and IDV, when used to treat children who are exposed to other nephrotoxic drugs, may increase significantly the risk of renal functional abnormalities. Use of TDF is expanding throughout the world and IDV, although used less frequently in the United States, is still prescribed in other countries. Tenofovir is sometimes used as part of ARV regimens that are given to HIV-infected pregnant women for treatment and to prevent vertical transmission. It is also used increasingly as part of salvage regimens in older children and youth. Therefore, its potential impact on interrupting transmission and on boosting treatment efficacy will need to be carefully balanced with long-term safety concerns. Clinicians should also consider the ethnic predisposition to renal dysfunction and should monitor renal function accordingly, paying special attention to children of Hispanic and African American ancestry.
